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Statement  of  the  problem 

Basic  and  applied  research  efforts  in  photonics,  quantum  optics  and  nonlinear  science  have  progressed 
at  breakneck  pace  in  recent  years,  making  this  an  opportune  time  to  reassess  the  practical  frontiers  of 
optical  information-processing  systems.  Several  specific  advances  are  particularly  significant  in  this 
regard: 

•  Techniques  for  fabricating  integrated  (chip-scale)  optical  waveguides,  resonators  and  circuits  are 
maturing  to  the  point  where  they  may  become  commercially  feasible  for  large-scale  production 
in  the  foreseeable  future  [1], 

•  Physicists  and  electronic  engineers  are  beginning  to  demonstrate  that  strong-coupling 
phenomena  of  cavity  quantum  electrodynamics  (cavity  QED),  with  critical  photon  numbers  of 
order  unity,  can  be  realized  in  mechanically  robust  solid-state  systems  [2], 

•  Modeling  techniques  are  being  developed  to  analyze  the  interplay  of  quantum  fluctuations  with 
mean-field  nonlinear  dynamics  in  cavity  QED  systems,  providing  new  insight  into  the  ways  that 
quantum  fluctuations  destabilize  classical  switching  dynamics  and  signal  amplification  at 
ultralow  (atto-Joule)  energy  scales  [3], 

Looking  five-to-ten  years  into  the  future,  one  can  envision  a  convergence  of  these  three  advances  that 
would  lead  to  the  realization  of  ultralow-energy  optical  switching  devices  and  coherent  optical  signal¬ 
processing  devices  based  on  strong  coupling  phenomena  of  solid-state  cavity  QED.  Many  bifurcation 
phenomena  in  neutral-atom  cavity  QED,  which  could  potentially  be  functionalized  for  nonlinear-optical 
signal  processing,  are  predicted  to  occur  [4]  on  energy  scales  of  tens  to  hundreds  of  near-infrared 
photons  (well  below  10-15  Joule).  In  solid-state  implementations  analogous  phenomena  should  be 
accessible  with  very  fast  (picosecond)  timescales  [5],  The  primary  obstacle  to  prototyping  significant 
and  realistic  photonic  devices  is  the  inevitable  presence  at  these  ultralow  energy-  and  time-scales  of 
substantial  quantum  fluctuations  [3,4],  which  we  must  learn  to  suppress  by  understanding  optimal 
tradeoffs  among  power  dissipation,  speed  and  stability,  and  through  the  use  of  design  techniques  such 
as  optical  feedback  and  coherent  coupling  within  device  arrays.  The  goals  of  our  research  have  been  to 
utilize  single-atom  cavity  QED  systems  to  further  our  understanding  of  the  interactions  of  quantum 
fluctuations  nonlinear  phenomena,  and  to  seek  realistic  device  designs  in  which  ultralow-energy  optical 
switching  can  be  achieved  in  spite  of  quantum  fluctuations. 

Summary  of  results 

Two  major  results  were  obtained  during  the  performance  period  and  published  in  refereed  journals  with 
acknowledgment  of  support  from  this  award.  The  first  [6]  was  a  theoretical  study  of  a  design  for  a  class 
of  robust  ultralow-energy  optical  switches  based  on  cavity  quantum  QED  with  a  single  multilevel  atom 
(or  comparable  bound  system  of  charges)  coupled  simultaneously  to  several  resonant  field  modes.  A 
limit  theorem  for  quantum  stochastic  differential  equations  was  used  to  show  that  the  input-output 
behavior  of  such  devices  corresponds  to  a  simple  scattering  matrix  in  a  type  of  strong-coupling  limit  that 
seems  natural  for  nanophotonic  systems.  Numerical  integration  was  used  to  show  that  the  behavior  of 
detailed  physical  models  for  such  switches  approximates  that  of  the  simple  scattering  matrix  in  a 
realistic  regime  for  the  physical  parameters,  and  that  it  is  possible  in  the  proposed  cavity-QED 


configuration  for  low-power  optical  signals  to  switch  higher-power  signals  at  attojoule  energy  scales.  In 
unpublished  follow-up  work  we  have  shown  that  such  switches  can  be  cascaded  to  implement  universal 
classical  logic  gates  such  as  NAND  and  NOR.  Our  second  important  result  [7]  was  an  experimental 
demonstration  of  the  phenomenon  of  single-atom  phase  bistability  in  cavity  QED.  We  utilized  high- 
bandwidth  phase-quadrature  homodyne  measurement  of  the  light  transmitted  through  a  Fabry-Perot 
cavity,  driven  strongly  and  on  resonance,  to  detect  excess  phase  noise  induced  by  a  single  intra-cavity 
atom.  We  analyzed  the  correlation  properties  and  driving-strength  dependence  of  the  atom-induced 
phase  noise  to  establish  that  its  correspondence  with  the  long-predicted  phenomenon  of  single-atom 
phase  bistability,  providing  a  unique  quantitative  study  of  cavity  quantum  electrodynamics  in  the  strong¬ 
driving  regime  in  which  one  atom  interacts  strongly  with  a  many-photon  cavity  field  to  produce  novel 
quantum  stochastic  behavior. 

Bibliography 

[1]  R.  G.  Beausoleil,  P.  J.  Keukes,  G.  S.  Snider,  S.-Y.  Wang  and  R.  S.  Williams,  "Nanoelectronic  and 
Nanophotonic  Interconnect,"  Proc.  IEEE  96,  230  (2008). 

[2]  D.  Englund,  A.  Faraon,  I.  Fushman,  N.  Stoltz,  P.  Petroff  and  J.  Vuckovic,  "Controlling  Cavity 
Reflectivity  with  a  Single  Quantum  Dot,"  Nature  450,  857  (2007). 

[3]  H.  Mabuchi,  "Derivation  of  Maxwell-Bloch-type  equations  by  projection  of  quantum  models,"  Phys. 
Rev.  A  78,  015801,  (2008). 

[4]  M.  Armen  and  H.  Mabuchi,  "Low-lying  bifurcations  in  cavity  quantum  electrodynamics,"  Phys.  Rev.  A 
73,  063801  (2006). 

[5]  D.  Englund,  H.  Altug,  I.  Fushman  and  J.  Vuckovic,  "Efficient  terahertz  room-temperature  photonic 
crystal  nanocavity  laser,"  Appl.  Phys.  Lett.  91,  071126  (2007). 

[6]  FI.  Mabuchi,  "Cavity-QED  models  of  switches  for  attojoule-scale  nanophotonic  logic,"  Phys.  Rev.  A  80, 
045802  (2009). 

[7]  M.  A.  Armen,  A.  E.  Miller  and  H.  Mabuchi,  "Spontaneous  Dressed-State  Polarization  in  the  Strong 
Driving  Regime  of  Cavity  QED,"  Phys.  Rev.  Lett.  103,  173601  (2009). 


